C olorectal cancer (CRC) is currently the second leading cause of cancer death in the United States and accounts for 608,000 deaths worldwide annually. 1, 2 Increasing rates of CRC screening have contributed to reduced CRC mortality. 3 Decreased CRC mortality appears to be attributable in part to detection and removal of adenomatous polyps, which are believed to be precursors of most CRCs. 3, 4 Despite the overall success of screening for reducing CRC mortality, it is unclear whether screening can prevent rightsided CRC incidence and mortality. Indeed, findings from multiple observational studies suggest that colonoscopy consistently protects against left-sided CRC but may not consistently protect against right-sided CRC. [5] [6] [7] [8] [9] [10] Quality factors as well as biological factors may contribute to inconsistent protection against right-sided CRC. 11 For example, suboptimal bowel preparation and colonoscopy technique may lead to missed right-sided lesions. Alternatively, from a biological perspective, right-sided cancers may have unique molecular features such as a tendency toward microsatellite instability, which may be associated with rapid cancer development. 11, 12 Furthermore, some studies suggest that small polyps with advanced histology may be more common in the right than in the left colon. 13 This observation represents a plausible unifying biological and quality explanation for persistently high rightsided CRC incidence and mortality despite screening. Prevention of right-sided CRC incidence and mortality may be inconsistent because right-sided polyps with advanced histology may tend to be small and therefore more likely to be missed and subsequently progress to cancer. 13 Although it is established that small polyps are more likely to be missed at colonoscopy, 14 -16 whether advanced polyps in the right colon are more likely to be small in size compared with the left colon has not been explored in detail. Therefore, our aim was to determine whether polyps with advanced pathology in the right colon tend to be significantly smaller in size compared with polyps with advanced pathology in the left colon by using a large national sample of polyps from patients across the United States.
Methods

Study Setting and Data Source
We conducted a cross-sectional analysis of biopsies reviewed by Miraca Life Sciences (Irving, TX) January 1, 2009, through December 31, 2009. Miraca provides gastrointestinal pathology diagnostic services for more than 1900 endoscopists from 43 states, Washington, DC, and Puerto Rico. As such, patients with biopsies reviewed by Miraca may be representative of patients undergoing routine colonoscopy in the United States. Miraca gastrointestinal pathologists review biopsies from more than 450,000 patients yearly. At time of submission, biopsies are routinely accompanied by descriptions of biopsy type, ie, polyp, mucosal biopsy, etc. Biopsies are submitted in formalin jars and processed systematically. Processing of each polyp includes size measurement of the largest polyp fragment submitted after removal from the formalin jar. Indications for colonoscopy procedures are recorded on the basis of information submitted by endoscopists. Standardized consensus-based criteria are used to assign pathologic diagnoses, and challenging cases are reviewed daily in conference with other gastrointestinal pathologists. Each pathologic diagnosis has a highly specific, internally created code assigned at time of diagnosis that is systematically entered into a clinical database. Patient characteristics (including age and gender), polyp characteristics (including size of largest fragment, location, and pathologic findings), and procedure indications are also recorded, among other items. This information is abstracted from pathology requisitions and procedure reports submitted with specimens. The Miraca clinical pathology database was the study data source.
Study Sample
Of all biopsies submitted to Miraca Life Sciences for review January 1, 2009, through December 31, 2009 (n ϭ 452,225), we first identified all colorectal polyps from men and women aged 40 -85 years for this study (n ϭ 261,473). Next, we excluded polyp specimens with multiple histologies (n ϭ 5419) and those for which multiple locations were listed (n ϭ 22,640). The final sample thus included 233,414 polyps.
Colon site was defined as right colon for all polyps proximal to the descending colon and left colon for all polyps including or distal to the descending colon. A polyp with high-grade dysplasia/adenocarcinoma (HGD/AdenoCa) was defined by any tubular adenoma, tubulovillous adenoma, villous adenoma, sessile serrated adenoma, or traditional serrated adenoma associated with HGD or any polyp containing AdenoCa. A polyp with advanced neoplasia (AdNeo) was defined by a polyp with HGD/ AdenoCa and/or a polyp with Ͼ20% villous architecture. Criteria used to diagnose HGD, AdenoCa, and villous component are described in Table 1 .
Analytical Approach
The primary comparison was differences in size of polyps with HGD/AdenoCa in the right and left colon. To assess these differences, (1) mean and median size of polyps with HGD/AdenoCa and (2) size distribution of polyps with HGD/ AdenoCa for 3 polyp size categories, Ͻ6 mm, 6 -9 mm, and Ͼ9 mm, were computed for the right and left colon. All right vs left comparisons were also made for polyps with AdNeo. In addition, per-patient analyses, in which patients were characterized as having isolated right or left colonic polyps and then stratified by size of largest polyp, were conducted for comparisons of size distribution of polyps with HGD/AdenoCa as well as AdNeo. For our primary comparisons, we include single polyps submitted as single fragments, single polyps submitted as multiple fragments (with size determined by size of largest fragment), and multiple polyps submitted as multiple fragments as an aggregate specimen (with size determined by size of largest fragment) following the patterns with which polyps are submitted in usual practice.
Because rates of advanced pathology may differ by indication for colonoscopy (ie, screening vs diagnostic), we conducted sensitivity analyses restricted to colonoscopies likely to have been done for screening purposes. For this assessment, we selected patients whose indication for colonoscopy was consistent with screening, such as "average risk for colorectal cancer" and "colorectal cancer screening" (Supplementary Table 1 shows all indications used and frequency of each indication).
Polyp size was based on size of largest polyp fragment submitted for pathology analysis. Thus, we recognized potential for underestimation of true polyp size when multiple polyp fragments were submitted for analysis. To address this possibility, we conducted 3 secondary analyses. First, we identified all polyps where only a single fragment was submitted for analysis and compared size distribution of polyps with HGD/AdenoCa and AdNeo for the right vs left colon. Second, we repeated right vs left comparisons after creating 3 larger polyp categories, Ͻ9 mm, 9 -12 mm, and Ͼ12 mm. Third, we compared the size distribution of all colon polyps, regardless of histology, to see whether there were systematic differences in the overall size of polyps in the right vs left colon.
We used descriptive statistics (mean, median, standard deviation, and frequencies) to characterize the patient and polyp samples. We then used t tests to compare mean polyp size and 2 tests to compare polyp size distribution between right and left colon. We used logistic regression models to examine the association between polyps with advanced histology, polyp size, and polyp location. The dependent variable for this model was polyp with advanced histology (yes/no). The independent variables modeled as a logit function of the dependent variable were polyp size (Ͻ6 mm, 6 -9 mm, Ͼ9 mm), polyp location (right or left), an interaction term polyp size ϫ polyp location, patient age (40 -49, 50 -59, 60 -69, 70 -79, 80ϩ years), and patient gender (male or female). A key assumption for logistic regression models is that observations on the dependent variable are independent. In this study sample, multiple polyps may arise from a single patient, thus potentially leading to correlation between observations (ie, polyps). To explore the effect of this correlation between observations, we compared models (estimates, standard errors, and model fit) with and without including an indicator variable for patient. We did not find any substantial differences between the 2 models. We present the results obtained from the model that included an indicator variable for patient. For all comparisons, two-sided P values Ͻ.05 were considered statistically significant for all compari- 
Results
We included 233,414 polyps from 142,686 patients for analysis. Polyps were submitted by 1779 endoscopists from 43 states. Median patient age was 60 years; 47% were women; demographic characteristics of all patients as well as those with isolated right or isolated left colonic polyps are summarized in Table 2 . Table 3 summarizes polyp characteristics, overall and stratified by colon site. Forty-nine percent of polyps were rightsided (n ϭ 114,354). Tubular adenomas (45.3%) and hyperplastic polyps (35.1%) accounted for 80% of polyps identified.
Mean and Median Size of Polyps With High-grade Dysplasia/Adenocarcinoma or Advanced Neoplasia in the Right vs Left Colon
In the right colon, polyps with HGD/AdenoCa had a mean polyp size of 8.2 mm and a median polyp size of 7.0 mm, whereas in the left colon, polyps with HGD/AdenoCa had a mean polyp size of 12.4 mm and a median polyp size of 12.0 mm, P Ͻ .001. In the right colon, polyps with AdNeo had a mean polyp size of 7.6 mm and a median polyp size of 7.0 mm, whereas in the left colon, polyps with AdNeo had a mean size of 11.1 mm and a median size of 10.0 mm, P Ͻ .001. Figure 1 shows size distribution of all polyps, regardless of histology, as well as polyps with HGD/AdenoCa and AdNeo, stratified by colon location.
Size Distribution of High-grade Dysplasia/ Adenocarcinoma in the Right vs Left Colon
In the right colon, the majority of polyps with HGD/ AdenoCa were Ͻ9 mm in size (69.7%, n ϭ 408/585), whereas in the left colon, the majority of polyps with HGD/AdenoCa were Ͼ9 mm in size (62.7%, n ϭ 692/1104; Figure 2 , Table 4 ), P Ͻ .001 for all comparisons. Right colonic polyps with HGD/ AdenoCa were 5-fold more likely to be Ͻ6 mm and 3-fold more likely to be 6 -9 mm than left colonic polyps with HGD/ AdenoCa: odds ratio (OR), 5.27; 95% confidence interval (CI), 4.06 -6.82 for Ͻ6 mm; OR, 2.92; 95% CI, 2.27-3.75 for 6 -9 mm; Table 4 . Analyses limited to polyps with AdenoCa showed even more pronounced differences, because right colonic polyps with AdenoCa were nearly 6-fold more likely to be Ͻ6 mm and nearly 4-fold more likely to be 6 -9 mm than left colonic polyps with AdenoCa (Table 4) . After adjusting for patient age and sex, estimates were slightly attenuated but remained statistically significant for right vs left comparisons of size distribution of polyps with HGD/AdenoCA as well as AdenoCA (Table 4) .
Size Distribution of Advanced Neoplasia in the Right vs Left Colon
In the right colon, the majority of polyps with AdNeo were Ͻ9 mm (76.7%, n ϭ 2577/3361), whereas in the left colon, the majority of polyps with AdNeo were Ͼ9 mm (53.3%, n ϭ 2317/4349; Figure 2 , Table 4 ). Right colonic polyps with AdNeo were nearly 5-fold more likely to be Ͻ6 mm and 3-fold more likely to be 6 -9 mm than left colonic polyps with AdNeo: OR, 4.89; 95% CI, 4.34 -5.51 for Ͻ6 mm; OR, 3.01; 95% CI, 2.69 -3.36 for 6 -9 mm; Table 4 . After adjusting for patient age and sex, ORs were slightly attenuated but remained statistically significant (Table 4) .
Per-Patient Analyses
Results of per-patient analyses limited to patients with isolated right or left colonic polyps were qualitatively similar to those of the overall study group with respect to size distribution of HGD/AdenoCA as well as AdNeo in the right vs left colon (Table 4) .
Per-Polyp Secondary Analyses
A "screening indication" for colonoscopy accompanied 60,100 polyps. Right vs left differences in size distribution of polyps with HGD/AdenoCa and AdNeo were similar to those observed for polyps with any indication (Supplementary Table 2 ).
Separate analyses of polyps with HGD/AdenoCa and AdNeo submitted as a single fragment for pathology review (n ϭ 100,447) showed similar differences in mean and median size between the right and left colon, although the magnitude of difference was smaller than observed for our overall study group. Similarly, statistically significant differences in size distribution (Ͻ6, 6 -9, and Ͼ9 mm) of polyps with HGD/ AdenoCa and AdNeo were observed between the right and left colon, but these differences were not as striking as for our Table 3) .
By using upstaged size categories (Ͻ9, 9 -12, and Ͼ12 mm), the size distribution of polyps with HGD/AdenoCa and AdNeo continued to show marked differences between the left and right colon (P Ͻ .001 for all comparisons).
Finally, evaluation of all colonic polyps, regardless of pathology, showed no relationship between size and location in the colon, suggesting that right vs left differences were limited to polyps with advanced pathology (Figure 1 , Supplementary Table 4).
Discussion
By using a large national sample of polyps from patients undergoing routine colonoscopy, we found that the average size of polyps with advanced pathology was smaller in the right colon as compared with the left colon. Moreover, we found that the majority of right colonic polyps with advanced pathology were Յ9 mm, whereas the majority of left colonic polyps with advanced pathology were Ͼ9 mm. Polyps with advanced pathology were 5-fold more likely to be Ͻ6 mm in the right than in the left colon. The tendency for advanced polyps in the right colon to be small, coupled with the propensity for small polyps to be missed at time of colonoscopic screening, may explain why multiple observational studies have found little or no association between colonoscopy and protection from right-sided CRC incidence and mortality. [5] [6] [7] [8] [9] [10] Although many prior studies have examined the overall size distribution of advanced polyps, few studies have examined size distribution of advanced polyps stratified by colon site. By using a sample of 3720 patients with 2106 adenomas, Rondagh et al 13 reported that 45% of right and 18.9% of left colonic advanced adenomas were Ͻ6 mm, similar to our findings. Furthermore, Rondagh et al also reported that advanced adenomas were more likely to be nonpolypoid in the right colon. They postulated that because right-sided advanced neoplasms are more likely to be subtle in appearance because of small size and morphology, these lesions might be more likely to be missed at colonoscopy and progress to CRC. Our findings support this postulate, although our data set did not contain endoscopic information regarding morphology such as sessile vs polypoid configuration. Taken together, the single-center findings reported by Rondagh et al as well as findings from our large national sample of more than 233,414 colorectal polyps from 142,686 patients submitted from usual clinical practice are consistent in identifying higher risk for advanced pathology in small polyps from the left vs right colon. The strengths of our study include the very large sample size, inclusion of patients from diverse geographic locations from across the United States, sampling from "usual practice" settings, and pathology assessment conducted by a large group of gastrointestinal specialized pathologists with a consensus approach to diagnosis. However, we recognize potential limitations of our study. First, polyp size was measured on the basis of size of largest polyp fragment submitted. This approach theoretically could have led to systematic underestimation of polyp size, including size of polyps with advanced pathology. For example, it is possible that a 10-mm adenoma containing HGD resected in 2 pieces that measured 8 and 2 mm at time of pathology processing could have been counted as an 8-mm polyp with HGD rather than a 10-mm polyp with HGD. If this was a frequent scenario, it could have led to overestimation of advanced pathology prevalence among smaller polyps. Also, polyp size in our database was based on postfixation measurement. Some studies have suggested that formalin fixation leads to "shrinkage" and underestimation of polyp size, [17] [18] [19] whereas others have reported that pathology measurements are the most accurate measure of polyp size. 20 If underestimation occurred, it may have led to undersize classification of some advanced polyps. Nonetheless, any bias in polyp size measurement, whether because of overestimation or underestimation of polyp size, would be expected to be nondifferential across the colon and would not be expected to account for the right vs left differences in polyp epidemiology we observed.
We explored the potential impact of our polyp size measurement approach on our results in 3 separate ways. First, we conducted a secondary analysis restricted to polyps submitted as a single fragment. These analyses similarly showed marked differences between the right and left colon regarding average polyp size as well as proportion of small polyps with advanced pathology in the right colon. Second, we evaluated whether size distribution of polyps with advanced pathology continued to be different between the right and left colon when upstaged size categories (Ͻ9 mm, 9 -12 mm, and Ͼ12 mm) were used for analysis. Again, we found similar differences between right and left colonic polyps. Finally, in a third auxiliary analysis, we evaluated size distribution of all polyps, regardless of histology, and found no differences between the right and left colon, suggesting that right vs left differences were limited to advanced polyps. Overall, our sensitivity analyses suggest that the size distribution differences we noted between the right and left colon for advanced polyps are unlikely to have been biased substantially by the method used for polyp size estimation, particularly because any bias would have been expected to affect both right-sided and left-sided polyps rather than right-sided polyps alone.
We have also considered the possibility that nonpolyp tissue (such as a mass) could have been misclassified as a polyp. Classification of a specimen as a polyp was based on the submitting endoscopist's labeling of biopsy specimens. If some endoscopists were systematically imprecise in labeling biopsy specimens, some masses may have been classified as polyps, perhaps leading to higher than true estimates of advanced pathology. We attempted to explore potential for this limitation by conducting a sensitivity analysis restricted to procedures associated with a screening rather than a diagnostic indication for colonoscopy. No qualitative differences in outcomes were observed. Again, even if misclassification of some mass lesions as polyps occurred, such misclassification would be expected to have been nondifferential and cannot account for the right vs left differences observed. We do not anticipate that endoscopists would be systematically more likely to misclassify right than left colonic mass lesions as polyps.
We have also taken into consideration that in usual practice, multiple polyps are sometimes placed in one specimen jar. In our primary analysis, we counted multiple polyps submitted together as a single polyp. It is possible such pooling could have resulted in overestimates of size-specific rates of AdNeo. However, the aforementioned single-fragment analysis found qualitatively similar results to our primary analysis. Moreover, even if pooling of multiple fragments resulted in overestimates of size-specific rates of advanced pathology, there is no reason to suspect that this bias would be more likely in the right than left colon.
Because our data set did not contain detailed information on polyp morphology (ie, flat, sessile, or pedunculated), we were unable to determine how our observations would be affected by this factor. Flat polyps may be more common in the right colon and may be more likely to contain advanced pathology, even if small in size, according to some prior reports. 13, 21 Thus, further evaluation of morphology and polyp size distribution could add a richer picture of the epidemiology of advanced polyps in the right vs left colon and should be the subject of future research.
A final theoretical limitation of our study was related to how endoscopists might approach removal of polyps with advanced pathology in different parts of the colon. It is conceivable that endoscopists systematically tend to more often biopsy, rather than remove, suspected advanced lesions in the right colon. Because biopsy fragments would generally be expected to be smaller than fragments submitted from a complete or piecemeal polypectomy, such a tendency could explain the finding of smaller polyp samples from advanced polyps in the right colon. However, to substantially affect our results, this theoretical tendency to biopsy, rather than resect, suspected advanced polyps of the right colon would have to be a common nationwide practice among endoscopists. To our knowledge, there are no data to support the presence of such a practice pattern, and we have not observed this tendency in our practice. Therefore, although we recognize this potential bias, we do not believe it to be a major study limitation.
Our observation that size distribution of polyps with advanced histology is markedly smaller in the right colon may have several implications. First, because smaller polyps are more likely to be missed at colonoscopy and because small polyps in the right colon may be more likely to contain advanced pathology, the clinical significance of small missed right colonic polyps is heightened. These findings may justify efforts to optimize colonoscopy technique, such as ensuring adequate withdrawal time and careful inspection of all folds. Furthermore, implementation of new innovations in colonoscopy may be required. Routine retroflexion in the cecum to facilitate examination of the right colon may improve detection of right-sided polyps and could be taught to all endoscopists. 15 Technology such as the Third Eye Retroscope (Avantis Medical Systems, Sunnyvale, CA) may also improve detection of right-sided polyps. 22, 23 Beyond optimizing colonoscopy technique, endoscopists may benefit from identifying risk factors for small advanced rightsided lesions that could raise suspicion for finding these lesions at time of colonoscopy. Epidemiologic studies with sufficient sample sizes to identify clinical factors associated with small advanced right-sided lesions are needed. Furthermore, biomark-ers in the blood or stool could be developed and calibrated to enhance identification of patients likely to have small advanced right-sided lesions.
On the basis of our analysis of a large national sample of polyps from patients undergoing colonoscopy in usual practice, we conclude that polyps with advanced pathology were significantly smaller in the right than left colon. This observation supports the hypothesis that colonoscopy inconsistently protects against right-sided CRC because right-sided lesions with advanced histology are more likely to be small and therefore more likely to be missed at time of colonoscopy and progress to cancer. These data may have important implications for developing strategies to reduce right-sided CRC incidence and mortality. Specifically, improving right-sided CRC detection and mortality may require strategies to optimize identification and removal of small right-sided polyps with advanced pathology.
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